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Background: The Staphylococcus aureus collagen-binding protein Cna
mediates bacterial adherence to collagen. The primary sequence of Cna has
a non-repetitive collagen-binding A region, followed by the repetitive B
region. The B region has one to four 23 kDa repeat units (B1–B4),
depending on the strain of origin. The affinity of the A region for collagen is
independent of the B region. However, the B repeat units have been
suggested to serve as a ‘stalk’ that projects the A region from the bacterial
surface and thus facilitate bacterial adherence to collagen. To understand
the biological role of these B-region repeats we determined their three-
dimensional structure.
Results: B1 has two domains (D1 and D2) placed side-by-side. D1 and D2
have similar secondary structure and exhibit a unique fold that resembles but
is the inverse of the immunoglobulin-like (IgG-like) domains. Comparison with
similar immunoglobulin superfamily (IgSF) structures shows novel packing
arrangements between the D1 and D2 domains. In the B1B2 crystal structure,
an omission of a single glycine residue in the D2–D3 linker loop, compared to
the D1–D2 and D3–D4 linker loops, resulted in projection of the D3 and D4 in a
spatially new orientation. We also present a model for B1B2B3B4. 
Conclusions: The B region of the Cna collagen adhesin has a novel fold that is
reminiscent of but is inverse in nature to the IgG fold. This B region assembly
could effectively provide the needed flexibility and stability for presenting the
ligand binding A region away from the bacterial cell surface.
Introduction
Bacterial binding to extracellular matrix proteins such as
fibrinogen [1], fibronectin [2], vitronectin [3] and collagen
[4] is an important mechanism of host-tissue adherence
and is considered to be the first step in the pathogenic
process of many infections [5]. Many MSCRAMMs (micro-
bial surface components recognizing adhesive matrix mol-
ecules) have been identified in the past decade (for
reviews see [5–7]). Sequence analyses of the MSCRAMMs
revealed a common structural theme composed of unique
and repeated sequences. A multidomain organization was
proposed for these proteins, with a specific ligand-binding
activity being ascribed to some subdomains. The Staphylo-
coccus aureus collagen-binding MSCRAMM, Cna, binds to a
variety of collagens with moderate affinity [8]. Molecular
characterization of the Cna gene revealed the presence of a
55 kDa nonrepetitive A region (previously denoted as the
A domain [9]) and the repetitive B region that consists of
multiple 23 kDa B-repeat units (previously denoted as the
B domain [9]; Figure 1). 
Cna mediates bacterial adherence to collagenous tissues
such as cartilage, a process that is important in the 
pathogenesis of septic arthritis caused by Staphylococci. An
isogenic mutant in which the Cna gene was inactivated was
considerably less virulent than the wild-type Cna-express-
ing bacteria in a mouse model of septic arthritis [10]. In
addition, an S. aureus strain that normally lacked the Cna
gene became more virulent in this model when the Cna
gene was introduced. The collagen-binding activity was
attributed to the Cna A region. A 19 kDa portion of the A
region, Cna151–318 (previously denoted as CBD19 [colla-
gen-binding domain 19] [11]), with measurable collagen-
binding activity, was used in both biochemical and X-ray
crystallographic studies to illustrate the protein’s mode of
binding to collagen. The crystal structure of Cna151–318
was determined in our laboratory, and consisted of two par-
allel β sheets connected by two short α helices [11]. One of
the sheets had a noticeable trench traversing its surface.
Molecular modeling studies were helpful in docking a col-
lagen triple-helical probe [(Gly-Hyp-Pro)4]3 (where Hyp-
Pro is hydroxy-proline) into this trench. Analyses of single
point mutations performed in and around the trench con-
firmed it to be the binding site for collagen. Recently, a
similar binding scheme has also been suggested for other
collagen-binding proteins [12–16].
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The B region of Cna in S. aureus strain FDA574 is a triplet
of 23 kDa repeat units B1, B2 and B3. Gillaspy et al.
reported that the B region is composed of one to four
nearly identical 23 kDa repeats, depending on the S. aureus
strain from which the Cna was isolated [17]. Earlier studies
indicated that the B region neither binds collagen nor
influences the A region’s collagen-binding activity [18].
These B region repeat units have been proposed to serve
as a ‘stalk’ that projects the A region away from the bacter-
ial cell surface and positions it for binding to collagen [18]. 
In our quest to understand the significance of the repeti-
tive B region in the architecture of the S. aureus collagen
adhesin, in this paper we describe the crystal structures of
B1 and the covalently linked B1B2 dimer, contrast their
unique fold to the immunoglobulin (IgG) domains, and
compare their structures with similar multidomain crystal
structures. In addition, we present modeling studies of
multiple B region repeat units based on the B1 and B1B2
crystal structures, and highlight some of the important
structural features. 
Results
Crystal structure of B1
The crystal structure of B1 displays two similar domains
(D1 and D2) placed side by side and related by an approxi-
mate twofold screw axis (21; Figure 2a). Each D domain
exhibits a four- and three-strand arrangement similar to
that observed in the IgG domains but differs in topology
from all the previously described V, C, H and I types
(V, variable; C, conserved; H, hybrid; I, intermediate;
respectively) in the immunoglobulin superfamily (IgSF)
[19,20]. The order of the β strands and their linking regions
are different in comparison with all the described IgSF-like
domains. We designate this fold as the inverse IgG (inv-
IgG) fold. The interface between D1 and D2 is marked by
several hydrogen bonds between the two domains. There
are only three hydrophobic residues (Leu564, Met710 and
Ile714) in the interface and the remaining interactions are
via either charged or polar amino acids. A combined surface
area of 782 Å2 is buried in the interface between the two
domains (see the Materials and methods section for a cal-
culation of the buried surface area). 
There is 41% sequence identity between the two
domains, and the 89-residue D1 domain and the
97-residue D2 domain superpose with a root mean square
deviation (rmsd; on Cα atoms) of 1.28 Å (Figure 2b,c).
The existence of two domains and their significant
sequence identity in a single B region repeat unit was
identified upon solving the crystal structure of B1. The
AB loop regions in these two domains share a striking
sequence identity (67%) and have similar structures
(Figure 2c). These AB loops in D1 and D2 have the
sequences DKDNQDGKRPEK (single-letter amino acid
code) and DNNNQDGKRPTE, respectively, where
eight out of twelve residues are conserved and resemble
the consensus calcium-binding motif of the form
DxxNxDxKxxE (where X is any amino acid) [21] that is
present in the S. aureus surface protein SdrD B domain
[22]. The observed coordination geometry of the water
molecule present in this loop suggested a possible metal
binding site. However, structural analyses of B1 crystal-
lized in the presence of calcium did not reveal any
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Figure 1
Schematic representation of the
Staphylococcus aureus strain FDA574
collagen adhesin (Cna). The signal peptide
(S) is followed by the nonrepetitive A region.
CBD19 represents the smallest fragment
retaining measurable collagen-binding activity
for which the crystal structure is known [11].
This is followed by the repetitive B region, cell
wall (W), membrane-spanning (M) domain and
charged C terminus (C). D1, D2, D3 and D4
are the four domains observed in the crystal
structures of B1 and B1B2.
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calcium ions in this location (data not shown). Moreover,
no change in structure upon addition of Ca2+ was
observed in the circular dichroism (CD) and fluorescence
emission spectra of B1 or B1B2 (data not shown). Further
comparison of the D1 and D2 structures revealed that the
FG loop is the only segment that differs significantly in
length and composition; D2 has five additional residues
including Asp709 and Met710, and it exhibits a resultant
negative charge on the molecular surface. 
The two independent copies of B1 in the asymmetric unit
have distinct crystal-packing interactions but exhibit
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Figure 2
The primary and tertiary structure of B1.
(a) Stereoview of a ribbon drawing of the B1
crystal structure. The two domains D1 and D2
are placed side by side and are related by an
approximate twofold screw along the axis
horizontal to the plane of the paper. The
strands of B1 are assigned rainbow colors to
enable comparison with other IgSF domains.
(b) Sequence alignment of the D1 and D2
domains: a 41% identity is indicated by
boxed residues. Red, blue and black
represent charged, polar and hydrophobic
amino acids and the strands (rainbow colors)
indicate the consecutive ABCDEFG strands
of the β sheets. (c) Stereoview of ribbon
drawings of the superposition of the D1 and
D2 domains of B1. Regions in cyan represent
identical residues. The AB loop region is
highly conserved. The FG loop region in D2
has five extra residues.
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Figure 3
The inverse fold. (a) The IgG constant domain
and (b) D1 as rainbow-colored ribbon and
topology diagrams. The D1 resembles the
IgG-like structure with the four- and three-
stranded barrel, but exhibits a novel fold. The
inverse relation between the two antiparallel
β-sandwich structures can be seen as follows:
(IgG/D1) A/F, D/C, C/D, B/E, E/B and F/A. In
the rainbow-colored topology diagrams
(Figure 3a,b), if any one of the colors on the
IgG and D1 are aligned an adjacent strand of
D1 (to the right or left) is observed to be in the
opposite side in IgG. (c) Stereoview
superposing the IgG constant (white) and the
D1 (green) domains. 
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nearly identical structures, superposing well with an rmsd
(Cα atoms) of 0.68 Å. The presence of an identical second
copy of B1 in the asymmetric unit suggests that the
‘folding pattern’ of D1 (and D2), and the ‘domain packing’
between D1 and D2 could be intrinsic in nature.
Comparison with the IgG domain
The IgG constant domain generally has a four-stranded β
sheet, ABED, on one side of the barrel and a three-
stranded β sheet, CFG, on the other side (Figure 3a). The
D1 and D2 domains also have a four-(DAGF) and three-
stranded (EBC) β-sheet arrangement but display a differ-
ent topology (Figure 3b). When overlaying the four
strands of D1 (DAGF) on IgG (ABED) the directions of
the first two strands D and A of D1 run in opposite direc-
tions to the A and B strands of IgG. Whereas the strands A
and G of D1 are parallel, the positional equivalent strands
B and E of IgG are antiparallel. 
The IgG and D1 folds seem to be the inverse of one
another. Keeping the C-terminal G strand common, the
inverse relationship between the two antiparallel β-sand-
wich structures starting from the N-terminal end of the
IgG is as follows: (IgG/D1) A/F, B/E, C/D, D/C, E/B, and
F/A. It seems that the evolution of the D1 fold has relied
on tail-to-head rather than head-to-tail folding, if direc-
tionality could be assigned to the folding. This inverse
nature is observed in several other aspects of the fold. For
example, in the rainbow-colored topology diagrams
(Figure 3a,b), if any one of the strand colors on the IgG
and D1 are aligned an adjacent strand of D1 (to the right or
left) is observed to be on the opposite side in IgG. Also,
viewing the four-stranded β sheet as the frontal plane of
the molecule, the CD loop region is on the right side for
IgG, whereas in D1 it is on the left side (Figure 3a,b). The
N termini of D1 and IgG originate from nearly identical
positions. The C terminus of D1 is on the right side of the
frontal plane (four strands) whereas in IgG it is on the left
side of the back plane (three strands) of the module
(Figure 3c). Thus, the D1 and D2 domains have a four-
and three-stranded arrangement similar to that observed
in IgG domains, but they exhibit  a novel inverse fold.
Three-dimensional alignment with DALI
In a comparison of D1 with the three-dimensional (3D)
structures of other protein structures present in the Protein
Data Bank (PDB), the DALI program [23,24] generated the
best fit with the intercellular cell adhesion molecule 2
(ICAM-2) fragment followed by coagulation factor
fibronectin type III and other cell-adhesion molecules. The
crystal structures of human ICAMs, vascular cell adhesion
molecule (VCAMs), and mucosal addressin cell adhesion
molecule (MAdCAM) consist of two catenated IgSF-like
domains, where domain 1 (83–90 residues) is smaller than
domain 2 (102–112 residues) [25–28]. B1 also has a smaller
N-terminal domain (D1; 87 residues) and a larger C-terminal
domain (D2; 97 residues). The first domains of VCAMs and
MAdCAM carry Leu–Asp–Val (LDV) motifs whereas the
ICAMs carry a functionally homologous ETxxxK motifs,
which were shown to be essential for binding to their
ligands (the integrins). The key integrin-binding residues
Asp43 in MAdCAM and Asp40 in VCAM-1 are located in
the CD loop. In ICAM-1 and ICAM-2 the critical integrin-
binding residues Glu34 and Glu37, respectively, are located
at the end of the C strand on a rather flat surface [29].
Notably, the structure of Cna B1 includes an LDV motif in
the first domain (D1) at the end of the C strand, where the
structurally homologous Asp574 is present on a similar  flat
surface. Also present in D1 is the ETxxK motif (with one
missing x) next to the LDV motif; these motifs are sepa-
rated by two residues in the CD loop, and they structurally
resemble those observed in ICAMs and VCAMs. If the CD
loops were to be on the right side (viewing the four strands
on the frontal plane; Figure 3b) of D1 in B1, in the present
packing arrangement (Figure 2a) these binding motifs
would be buried in the surfaces between D1 and D2. The
newly observed fold for the D1 domain has allowed the pre-
sentation of the LDV motif at the exposed extremity of 
the molecule. 
Comparison with two-domain IgSF structures
Many two-domain IgSF structures have been reported in
the PDB, and they exhibit interesting variations in their
packing. Two angles, namely an elbow and a twist angle,
have been defined in the past to compare the IgSF
domains and their packing. We have derived the new
‘swivel’ angle to compare the 3D packing of IgSF-like
domains (see the Materials and methods section). The
interferon gamma receptor (IFN-γRα) [30], human high-
affinity IgE receptor (IgE) [31], killer-cell inhibitor (KIR)
[32] and human growth hormone (hGHR) [33] are repre-
sentative proteins having crystal structures with various
elbow, twist and swivel angles (Table 1, Figure 4). The
elbow angle between the D1 and D2 domains of IFN-γRα,
IgE, KIR and hGHR are 110°, 52°, 47° and 72°, respec-
tively (Table 1). The variation in elbow angles observed in
these crystal structures might represent the intrinsic charac-
teristics of their domain packing, but they also seem flexi-
ble enough to allow minor conformational changes induced
by the forces of crystal packing. B1 has two independent
copies related by noncrystallographic symmetry in the
asymmetric unit and both copies exhibit a very acute elbow
angle of 7° (± 1) between D1 and D2 (Table 1) when com-
pared with 47° and 52° for KIR and IgE structures [24,25],
respectively (Table 1). The B1 repeat unit has distinct
packing, where all of the three angles have contributed to a
tight packing between the D1 and D2 domains. 
Crystal structure of B1B2
In the crystal structure, the B1 and B2 repeat units main-
tain their individual structural identity as first proposed
by Rich et al. [18]; each has two domains arranged side by
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side, similar to their arrangement in the crystal structure
of the single B1 repeat unit (Figures 1,5a). As expected,
the B1 and B2 repeat units have very similar structures
and upon superposition have an rmsd (on Cα atoms) of
0.47 Å. The domains of B1B2 are designated as D1, D2,
D3 and D4 (Figure 1). Several significant interactions are
observed between the D2 and D3 domains. The AB loop
of D2 has several hydrogen bonds with the DE loops of
D3, increasing the stability of the packing between the
B1 and B2 repeat units. B1 and B2 have 782 Å2 buried
surface area between them, and the replacement of
residue Asn516 in B1 by Asp753 in B2 has no significant
impact on the local structure. The crystal-structure
determination of B1B2 is unique in that the covalently
linked B1 and B2 repeat units are almost identical
(99.5%) in sequence. To our knowledge there have been
no similar crystal structures reported of two covalently
linked repeat units that exhibit such a high degree of
sequence homology. 
Single amino acid omission results in a different
orientation
In B1B2 the loops connecting D1 to D2 and D3 to D4 have
the sequence KYTPGET (Figure 5b) and form a β turn
similar to the one observed in B1. The loop region connect-
ing the two repeat units B1 and B2 (D2 to D3) has a missing
glycine residue. This KYTPET polypeptide segment con-
necting D2 to D3 does not adopt a β-turn arrangement
(Figure 5c). The presence of the glycine residue in the
D1–D2 and D3–D4 junctions seems to have imparted a con-
formational flexibility to this polypeptide segment, allow-
ing the loop to form a restrictive β turn. However, the
D2–D3 connecting loop without the glycine residue has an
apparent reduced flexibility, restricting the conformations
the linker region can adopt. As a result, the B2 repeat unit
is projected in a spatially different orientation. 
Comparison with four-domain IgSF structures
The crystal structures of segments of human fibronectin
and insect hemolin with four IgG-like domains have been
solved (Figure 6) [34,35]. In the crystal structure of a four-
domain segment of human fibronectin, the IgSF domains
(F1, F2, F3 and F4) stack in an elongated fashion roughly
along an axis [34]. The average elbow angle between these
domains is 137° (Table 1). In the structure of hemolin, an
insect IgSF member induced during bacterial infection,
the four IgSF domains (H1, H2, H3 and H4) adopt a horse-
shoe shape [35]. This structure has variable elbow, twist
and swivel angles between the domains (Table 1). In the
B1B2 structure the domains D1–D2 and D3–D4 have acute
elbow angles of 7° (± 1), partially resembling the H2–H3
domains of hemolin. Interestingly, however, the D2–D3
domains pack like the elongated fibronectin domains, with
an elbow angle of 134°. The calculated buried surface
areas between D1 and D2 (784 Å2) and D3 and D4 (827 Å2)
are similar to those observed between H2 and H3 (1005 Å2)
and H1 and H4 (739 Å2) of hemolin. The buried surface
area between the elongated domains D2 and D3 of B1B2
(222 Å2) is smaller than the buried surface area between
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Figure 4
Representative two-domain IgSF structures of
IgE, IFN-γRα with D1D2 and D2D3. The first
and second domains are colored yellow and
cyan respectively. The axes are indicated in
magenta (x, x′), black (y, y′) and blue (z, z′).
The angles elbow (ε), twist (τ) and swivel (σ)
are schematically represented and the
calculated values are given within brackets
(see the Materials and methods section for
definitions of these angles). 
Table 1
The calculated angles between IgSF domains.
Protein Elbow angle Twist angle Swivel angle Reference
ε (°) τ (°) σ (°)
B1: D1–D2 7 127 29 This paper
B1B2: D2–D3 134 132 –29 This paper
B1B2: D3–D4 6 130 43 This paper
IFN-γRα receptor 110 144 95 [30]
IgE 52 126 –133 [31]
Killer-cell inhibitor 47 86 164 [32]
Human growth 72 144 128 [33]
hormone
Fibronectin: F7–F8 121 108 125 [34]
Fibronectin: F8–F9 126 160 95 [34]
Fibronectin: F9–F10 166 44 –114 [34]
Hemolin: H1–H2 127 127 170 [35]
Hemolin: H2–H3 29 69 –26 [35]
Hemolin: H3–H4 165 131 108 [35]
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Figure 5
B1B2 crystal structure. (a) Crystal structure of
B1B2 in stereo. The two individual repeat units
B1 and B2 retain the packing arrangements
observed in the B1 structure. (b) Electron
density around the KYTPGET polypeptide in
the D1–D2 and D3–D4 linker region.
(c) Electron density around the KYTPET
polypeptide in the D2–D3 linker region. 
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H1 and H2 (325 Å2) and H3 and H4 (310 Å2) in hemolin and
comparable to those between the fibronectin domains F7
and F8 (285 Å2), F8 and F9 (267 Å2) and F9 and F10
(163 Å2). Overall, the structure of B1B2 has less buried
surface area than fibronectin and hemolin. It follows a
clockwise direction in the arrangement of domains when
compared with the counter-clockwise path followed by
hemolin (Figure 6), a reflection of the inverse nature of
this novel fold. Thus, the crystal structure of B1B2 presents
a mixture of the packing arrangements observed in
fibronectin (D2–D3) and hemolin (D1–D2, D3–D4).
Modeling multiple repeats
The presence of multiple B region repeat units in Cna
derived from different strains of S. aureus has been
reported [17]. This raises the question of how B1B2B3B4
would pack. In the absence of a crystal structure we initi-
ated modeling studies of these repeat units. A model of
B1B2B3B4 was generated assuming that the B2–B3 linkage
is similar to that observed in B1–B2. This assumed con-
straint places B3 face to face with B1. By analogy, B4 will lie
face to face with B2. Rigid-body transformations based on
the Cα atoms were used to construct the initial model. In
this B1B2B3B4 model there were some close contacts and
some interpenetration of subunits. A brute-force docking
procedure [11,36] implemented in SoftDock (MC, unpub-
lished program) to dock B1B2 and B3B4 was initiated; the
B1B2 model was held stationary and an additional B1B2
(B3B4) was allowed to pivot about its N terminus within a
5 Å radius of the C terminus of B2. A set of favorable solu-
tions placed B3B4 in approximately the same orientation as
the B1B2B3B4 model generated initially via rigid-body
transformations, but the bad contacts were relieved.
Figure 7 shows the best solution, in which the only buried
charged residues form an ion pair. These repeat units are
arranged in a zig-zag fashion that resembles an accordion. 
Discussion
The IgSF motif is evolutionarily ancient, as exemplified
by both intracellular and extracellular IgSF domains in
Caenorrhabditis elegans [37]. On the human leukocyte
surface about 40% of the proteins are predicted to contain
one or more IgSF domains [38]. The crystal structure of
the bacterial periplasmic chaperone (PapD) has a topology
identical to that of an IgG fold [39]. Here we report the
structure of the B region of the bacterial surface protein
Cna, which has a β sandwich of novel architecture that
resembles the IgG fold. The novel inverse nature of this
fold compared with that of IgG is observed in: the reversal
of directions in the placement of adjacent strands in the
topology diagrams compared with IgG (Figure 3a,b); the
presence of the CD strand on the opposite side of the
molecule compared with the IgG domain (Figure 3c); and
the clockwise pattern of packing of domains in the B1B2
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Figure 6
Comparison of B1B2 and other four-domain
IgSF-like domains, hemolin (PDB code 1B1H)
and fibronectin (PDB code 1FNF). The four
domains are colored consecutively in the
order orange, yellow, green and blue. The
orientations have been chosen, as described
earlier, by aligning the first domain of each of
these structures. 
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structure compared with the counter-clockwise packing
pattern observed in hemolin (Figure 6). The secondary
structure predictions based on the sequence of D1 pro-
posed an IgSF fold; however, the observed inverse fold
could not be predicted. The preservation of structural
homology between the D domains is observed not only in
the β-sheet regions but also in the loop regions. The con-
servation of sequence and tertiary structure by lower-level
organisms like bacteria indicates that this might be an
essential structural element for a specific, but as yet
unidentified, biological function. 
It is interesting to observe both the integrin-binding LDV
and ETxxK motifs in the CD loop region of the first
domain (D1) of B1; they closely resemble those of the
ICAMs and VCAMs. The LDV motifs in B1B2 are well
exposed at the extremities of the molecule and are sepa-
rated by a distance of 60 Å. It is very tempting to specu-
late and suggest that each B repeat unit binds to one
integrin molecule. However, cell binding experiments
with α4β1 integrin, which recognizes the LDV motif [40]
did not show any positive binding to the recombinant con-
struct of B1B2 (data not shown). 
Domain duplication by genetic evolution has led to interest-
ing combinations of events in both sequence and structure,
and divergent evolution could lead to a difference in the
sequence of the duplicated domain [41]. Domain arrange-
ments are also crucial during the initial assembly of proteins
to optimally adapt to their function. There are several exam-
ples of tandem-duplicated crystal structures (e.g. chy-
motrypsin, zinc-finger motifs found in transcription factor
IIIA, and fibronectin type III repeats found in the muscle
protein titin; for a review see [41]). However, these dupli-
cated domains vary in amino acid composition and in some
cases in their secondary structure. The B1 and B2 repeat
units have nearly identical sequence and secondary struc-
ture. Further, the B1B2 structure has less buried surface area
between the domains when compared with the other similar
four-domain structures of fibronectin and hemolin. This
could mean that the interactions between B1 and B2 are
more susceptible to changes by the external forces in com-
parison with the other four-domain IgSF structures. 
The observation of the omission of a residue resulting in a
different orientation of the next B repeat unit is similar to
that suggested by Eisenberg and coworkers [42,43]. They
proposed that a hinge-loop mutation/deletion lead to
domain swapping, a phenomena observed in the packing of
multiple copies of the protein molecule. In the case of B1B2
we do not observe any domain-swapping characteristics,
however, we do observe an arrangement that is equivalent
to domain swiveling. The structure of B1B2 resembles the
linear (open-ended) 3D domain-swapped oligomer, which
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Figure 7
Model of B1B2B3B4 repeat units. (a) Stereoview of the ribbon model. The LDV and ETxxK motifs are in red and purple ball-and-stick representation.
The model displays a zig-zag arrangement like an accordion. (b) Molecular surface model of B1B2B3B4 repeat units. 
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was proposed for multiple aggregation of monomers. Inter-
estingly, Pokkuluri et al. [44] reported domain flipping
resulting from the substitution of one amino acid (Glu38) in
the crystal structure of modified human immunoglobulin
light-chain variable domains (VL). However, in this struc-
ture the ‘conventional dimer’ has flipped by 180° around an
axis perpendicular to the original twofold axis. It is impor-
tant to note that a single glycine residue produces a radi-
cally different conformation in a sequence (KYTPET,
KYTPGET) of high homology. Homology modeling and
threading analyses tend to conclude that the presence of a
glycine in a sequence of this kind would not produce major
conformational change; in the case of B1B2 this conclusion
would obviously be incorrect. 
Cna was proposed to be a mosaic protein, where one
region/domain functions independently of another [18]. In
our modeling studies the accordion model of the B-repeat
units could project the A region from the cell surface and
aid in binding to collagen. If these repeat units were not
serving as a stalk, but instead have an unknown function,
then flexibility of the B1B2B3B4 model would be needed
for these repeat units to move and function indepen-
dently. The B1B2B3B4 accordion model seems to possess
the flexibility and stability needed for holding out the
larger A region (55 kDa) for collagen binding. The neces-
sary trigger or force to activate them to move in conjunc-
tion (stretching/retracting) could come from any of the
many known and unknown cell events.
Biological implications
The collagen-binding surface protein of Staphylococcus
aureus is composed of a non-repetitive A region and a
repetitive B region. In our previous study of this protein,
the A region was shown to bind to collagen. The crystal
structure was solved for a portion of the A region,
Cna151–318, that contains the collagen-binding activity.
Subsequently, docking studies implicated a trench
observed in the structure as the collagen-binding site, and
mutations in and around this trench supported this
hypothesis. The presence of one to four B-repeat units
has been observed in different strains of S. aureus. The
importance of the presence of the B-repeat region and the
functions of these repeats are not yet known. However, it
has been suggested that the B-repeat units might serve as
a ‘stalk’ that projects the A region away from the bacter-
ial surface, thereby facilitating bacterial adherence to col-
lagen. Analyses of the crystal structure of the single
B-repeat unit (B1), revealed two immunoglobulin-like
(IgG-like) domains with a novel fold. This new fold has a
four- and three-strand arrangement, and is the inverse of
the fold found in the IgG-like domains. Notably, the B-
repeat units include the integrin-binding LDV and
ETxxK motifs in the CD loop regions of their first
domains, although the significance of these domains
remains unclear. The crystal structure of two B-repeat
units (B1B2) has a packing arrangement where a single
missing glycine residue in the linker region between B1
and B2 has resulted in a new orientation of the domains.
Our modeling studies on the B1B2B3B4 repeats shows
that these domains pack in a zig-zag fashion, like an
accordion; they might stretch and contract from the bac-
terial cell wall and thus aid in the projection of the A
region away from the cell surface. Perhaps in the event of
proteolytic loss of a Cna A region resulting from a spe-
cific cleavage by the host’s extracellular defensive appa-
ratus, the B-repeat units could be pressed into an
adhesive process or any other function essential for bac-
terial survival. The repeating number of these domains
might reflect the added stability the bacteria would
achieve by multiple anchoring.
Materials and methods
Crystallization and data collection
The expression, purification and crystallization of the recombinant
protein B1 (22.6 kDa) were reported previously [45]. Crystals were
grown by the hanging-drop vapor-diffusion method. A droplet containing
2 µl of protein, 1.6 µl of well solution (1 ml of 4M (NH4)2SO4, 50 mM
succinic acid, pH 4.6) and 0.4 µl of 10% (w/v) octyl β-D-glucopyra-
noside was equilibrated against the reservoir well solution. Crystals
grew at room temperature in 4–5 days to a size of 0.5 × 0.5 × 0.2 mm.
Data were collected on the Raxis IIc image plate detector mounted on a
Rigaku RU-200 rotating anode operating at 100 mA and 40 kV. A com-
plete data set to 2.5 Å resolution was collected at room temperature.
The crystallographic data statistics are presented in Table 2.
In the case of crystallization of the B1B2 (43.8 kDa) recombinant
protein, a droplet containing 1 µl of protein, 1 µl of 5 mM CaCl2 and
7 µl of well solution (1 ml of 16% (w/v) polyethylene glycol 6000
(PEG6000), 100 mM sodium cacodylic acid, pH 7.5) was equilibrated
against the reservoir well solution [46]. Diffraction-quality crystals grew
at room temperature in 5–6 days to a size of 0.4 × 0.4 × 0.15 mm. A
complete data set was collected on a Raxis IV image plate mounted on
a Rigaku RU-H3R rotating anode operating at 100 mA and 40 kV to
2.3 Å resolution at room temperature. Crystallographic data statistics
are presented in Table 2.
Structure determination and refinement
The structure of the B1 protein was solved by the MIR (multiple isomor-
phous replacement) method. Three derivatives (trimethyl lead acetate
[TMLA], potassium platinum tetrachloride and samarium nitrate) were
identified by difference Patterson analysis suitable for MIR phasing
(using the program XTALVIEW [46]). The details of the heavy-atom
derivative statistics are presented in Table 3. Each derivative had one
major site and one minor site. Refinement of heavy-atom derivatives
and subsequent phase calculations were carried out using the program
PHASES [47]. An initial 3.0 Å electron-density map revealed clearly
defined solvent boundaries and most of the sidechain densities were
visible. The initial Cα trace was made using the program CHAIN [48].
Sidechains were incorporated into the model and further refinements
were performed with X-PLOR [49]. All reflections (≥ 2σ) from 8.0 to
2.5 Å were used in the refinement, with 10% partitioned in a test set for
monitoring the refinement process [50]. The initial Rfree/R factor of the
fully built model with sidechains was 40.1%/35.7%. The molecular
model building was performed with the graphics program O [51], in
conjunction with OOPS [52]. Solvent molecules were added based on
geometry and electron density. Model convergence was achieved after
several cycles of model building and refinement. Maximum-likelihood
refinement and bulk-solvent correction were carried out with CNS_0.4
[53] in the last few cycles, resulting in 84 solvent molecules in the
asymmetric unit with the final Rfree/R factor being 24.5%/19.1%. The
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average B factor for B1 was 38.8 Å2. Although the B factors are on the
high side, they are still comparable with the calculated B value from the
Wilson plot of 47.6 Å2. The average B factors for IgG-like domains vary
between 13.0 Å2 (for fibronectin [34]) and 50.4 Å2 (for ICAM-2 [25]).
The model has 99.1% of the residues in the allowed regions of the
Ramachandran plot, two residues in the generously allowed regions,
and one residue in the disallowed region. These latter three residues
appear in loop region where the electron density is not clearly defined.
The crystal structure of B1B2 was solved by the molecular-replacement
method. The crystal structure of B1 was used as the initial model. A
good rotation solution was obtained using the program AMORE [54].
Using the first rotation solution we obtained two good peaks for the
translation search. Fixing the properly rotated and translated molecule
we could obtain the rotation and translation values for the second mol-
ecule. Following rigid-body refinement in AMORE, the R factor was
31.1% and correlation coefficient of 0.51 was obtained for each indi-
vidual solution. The model was further refined by X-PLOR using simu-
lated annealing. The Rfree/R factor dropped from 42.8%/35.6% to
37.7%/27.7%. Further refitting was carried out with the program O in
conjunction with OOPS. Maximum-likelihood refinement and bulk-
solvent correction were performed with CNS_0.4 in the last few cycles.
With 72 solvent molecules in the asymmetric unit the model had a final
Rfree/R factor of 24.44%/18.29%. This model had an average B factor
of 41.2 Å2, which was comparable with that of the B1 model and had
all the residues within the allowed regions of the Ramachandran plot. 
Orientation and superposition of IgSF-like domains
The comparison of the different IgSF domains requires a common coor-
dinate system and here we describe a new method for comparing them.
The first and last Cα atoms of the seven core strands of the barrel each
defined a strand vector and their average, a strand center. The average
of the sheet centers was taken as the origin. The seven normalized
vectors (negated if necessary to point in the same direction as the first
strand) were averaged and normalized to define a y axis. The average
direction of the vectors between the first three sheet centers on each
side of the barrel defined an intermediate vector, x′. Then the z axis was
defined as the cross product of x′ and y. The x axis was then defined as
the cross product of y and z. The y axis gives the average direction of
sheets, with the strand centers roughly parallel to the x axis. This orienta-
tion is used for all figures and superpositions presented in this paper. All
the figures in this paper were made using the program RIBBONS [55].
Elbow, twist and swivel angles
The relationship between the two domains is based on the coordinate
system described earlier to align domains. We define an elbow angle
as the complement of the angle between the y axes of the two
domains, a twist angle as the angle between the x axes of the two
domains, and a swivel angle as the projection of the second domain’s y
axis on the xz plane of the first domain (Figure 4). The original method
used in calculating the elbow angles for antibodies was based on the
intersection of the dyads [56]. In the structure of hemolin it was defined
as the angle between the long axes of adjacent domains, approximated
by the ellipsoids [35], and in fibronectin by connecting the Cα positions
of residues at the midpoints of the B–C and E–F loops [34]. The rota-
tion angles required to superimpose adjacent domains described for
fibronectin closely resemble our calculated values for the twist angles.
The swivel angle is a new definition and to our knowledge has not been
described yet for comparing the IgSF-like domains. (The program used
to calculate these angles is available on request from MC).
Buried surface area
The analytical molecular surface are was calculated using the MSP
program [57]. The coordinates of the two domains, D1 and D2, were
combined to form D1D2 and the surface area was determined for each
set. Buried surface was approximated with the areas: D1 + D2 – D1D2. 
Accession numbers
The coordinates of B1 and B1B2 have been deposited with the Protein
Data Bank with accession codes 1D2O and 1D2P respectively.
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